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HIGH RESOLUTION SPECTRAL SURVEY OF MOLECULAR
ABSORPTION IN THE DF LASER REGION

Measurements and Calculations

1. INTRODUCTION

1.1 Background

Three kinds of measurements are required for a confirmed know- -
ledge of laser molecular absorption in the atmosphere. These are:
(1) laser measurements over long paths in the "real world," (2) laser
measurements through long paths in the laboratory under simulated at-
mospheric conditions, and (3) irequency dependent absorption profile
measurements from which predictive modeling parameters may be ex-

tracted.

The role of field measurements is most obvious. Field measure-
ments provide the greatest protection against surprises when systems
are deployed under conditions similar to those of the measurements.
They provide the ultimate test of laboratory simulations and of predictive
modeling procedures, and eliminate the need to study obscure effects
which have a very low probability of affecting atmospheric absorption of
laser radiation. The importance of such effects will be easily detected
by comparison of field measurement results with expectations based on

modeling and simulations.

However, field measurements are expensive and time consuming,
and it is impossible to span every combination of temperature, humidity,
altitude, laser type and laser line. In fact, for satellite or aircraft borne
laser systems the Doppler shift of the laser frequency is sufficient to
move the laser frequency on or off absorption lines, thereby rendering

fixed frequency measurements inappropriate. In short, while they pro-

vide the ideal tests of predictive modeling, they are unsuitable for
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independently determining the parameters required for predictive modeling,
Of course, a set of parameters couid be selected to fit the field measure-
ment results. However, these parameters would be valid only for the
limited range of conditions measured in the field, and would be unsuitable

for modeling other laser frequencies.

Fixed frequency laboratory measurements eliminate many of the
inherent difficulties of field measurements, and they allow the absorption
of individual molecular species to be measured separately. Thus, effects
due to changes in concentrations can be modeled from these measurements,
and to some extent field measurements and spectral measurements can
be guided by them. However the characterization of laser absorption over
the range of temperatures and pressures encountered in the atmosphere
would require a large number of measurements. And even if this were
done for each of the lines of a particular laser, these results could not
be used to deterriine the molecular line absorption of another laser oper-
ating in the same spectral region. Such measurements determine the
absorption only at a small number of monochromatic points (which happen
to correspond to laser lines) out of perhaps 20,000 points needed to des-

cribe completely the absorption in one spectral region.

The approach being pursued in the current work is to measure di-
rectly the frequency dependent absorption profiles, from which modeling
parameters for the entire spectral region may be extracted. Once the
parameters are known, they can be used to calculate the laser absorption
for all combinations of concentration, pressure, and temperature
found in the atmosphere. Hence the absorption is defined for all humidities,
altitudes, temperatures, and slant ranges. Another advantage of this ap-
proach is that it can determine the monochromatic absorption for all fre-
quencies in the region rather than just at a few specific frequencies. The

parameters only need to be determined once for a particular region; thus




no additional spectral measurements would be required for each new laser

of interest in that region. No additional measurements would be required
to determine the change in absorption of laser beams launched from fast
aireraft or satellites due to the Doppler shift. Of course, one would not
be satisfied in relying completely on predictive analysis. However, when
accurate absorption line parameters are available, a very limited set of
laboratory and field measurements would be sufficient to provide confi-

dence in the modeling.

In addition to its direct application for laser propagation, the value
of predictive analysis in interpreting laboratory and field measurements
cannot be overemphasized. In the field, and to a lesser extent in the lab-
oratory, it is difficult or impossible to separate and evaluate all compon-
ents of molecular absorption. Measurements planning and data analysis
therefore ultimately rest on predictive analysis for direction and inter-

pretation. More will be said of this in Section 2.

1.2 Objectives of the Current Program

This investigation has a threefold objective: (1, provide the data
base from which predictive laser propagation modeling parameters can
be extracted; (2) identify and quantify inadequacies in the current model-
ing parameters; and (3) determine the sensitivity of altitude and meteor-
ological scaling to the modeling parameters. All three of these objectives
are addressed in this interim report. In the following section, the im-
pact of predictive analysis on temperature and altitude scaling is discussed.
In that section, the propagation of the P1(9) and P3(8) DF lines are pre-
dicted as specific examples of the nature of the altitude and temperature
scaling probler, In the next three sections, spectral measurements on
HDC, CH

4 and NzO line absorption are presented and comparisons are
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made with current predictive calculations (i. e., synthetic spectra).

A specific application to P1(7) propagation is discussed in the coun-

text of the HDO measurements.
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2. ALTITUDE AND TEMPERATURE SCALING

2.1 Introduction

As discussed in the previous section, precise predictive modeling
is required for at least five applications.

(1) Planning and interpretation of laboratory fixed-frequency
measurements.

(2) Planning and interpretation of field measurements.

(3) Scaling to arbitrary conditions for field and laboratory mea-

surements support.

(4) Scaling to arbitrary conditions for specific engagement

scenarios.

(5) Programmatic decisions such as determining the merits of
line selection for a particular device, and evaluating the propa-

gation characteristics of candidate high energy laser devices.

The complicated nature of atmospheric molecular absorption has
been discussed in detail in a previous report [1]. In that report, the
major individual molecular absorption contributions in the DF region
have been computed, and the molecular line, wing, and continuum ab-
sorption mechanisms which account for DF laser molecular absorption

have been described.

In this report the importance of an accurate knowledge of the molec-
ular absorption line parameters is illustrated by considering the altitude
and temperature scaling of the absorption coefficients of the P3(8) and
P1(9) DF laser lines. These lines are listed as having large output
powers [2], and are expected to have fairly low atmospheric absorption
coefficients typical of the DF region. This comparison between these

two lines is interesting because the absorption coefficients are expected




. bl ababdel N e Badlbe L e o

7

'E‘wq e b e )

to have different temperature and altitude dependence. The P3(8)

line has been studied extznsively by several groups [3,4,5,6], and
the parameters are known accurately for its primary molecular line

absorber, N,0O. However for [’1(9) the Air Force Cambridge Research

Laboratorie;2 (AFCRL) [7] paramcters are not reliable. The dominant
H20 line has not been measured, and the current measurements in-
dicate that the important CH 4 and HDO parameters are not accurate.
While the CH 4

the measurements in Section 4.4, future changes in the predicted ab-

parameters have been adjusted to be consistent with

sorption can be expected to arise from changes in the HDO and H20

line parameters.

It is also important to note that, since this is a study of molecular
line absorption, continuum absorption is not considered in this report.
If continuum absorption were included, the altitude dependence would
be even more dramatic than indicated here since the H20 continuum
absorption depends on the total pressure, as well as on the H20 concen-
tration which drops very fast with increasing altitude. The N2 con-
tinuum also decreases quickly with altitude since it is related to the

square of the pressure.

2.2 Choice of Modeling Parameters for P3(8) and P1(9)

For the P3(

are known quite well. At sea level N20 absorption is the largest

8) laser line the parameters for the largest absorbers

single contributor to molecular absorption, and at higher altitudes
or when rontinuum absorption is not included N20 abscrption is
dominant. The current measurements of N20 profiles and those
predicted by the AFCRL [7] strength and width parameters are in

perfect agreement (see Section 4.3). Also, the preliminary results

of recent measurements by Rao and Heath [3] indicate that for this




particular line, the original DF line position used by AFCRL [7],
rather than that of Long and Yin [8], is accurate. The present cal-
culation has used the confirmed AFCRL values for the N20 line
strengths and widths, the AFCRL absorption line frequencies, and the

Rao and Heath preliminary laser frequency (2546.3734 + 0.0050 cm-l).

For CH4 the AFCRL widths and frequencies were used, but the
strengths were increased by a factor of 2.85 to be consistent with the

measurements reported in Section 4.4.

For the smallest contributor, HDO, the AFCRL values were used
unchanged. This undoubtedly leads to an error in the value of the HDO
absorption as is discussed in Section 4.5. However, HDO only contri-
butes a very small amount to the overall absorption of P3(8) at sea
level, and becomes negligible at higher altitudes. The estimated
error introduced by the use of these parameters is 4% of the tota! sea

level absorption, and less than 1% at 5 km.

In all of the calculations in this section of the report, the water
concentrations and air pressures were determined from the AFCRL
standard atmosphere tables [9]. An HDO isotopic fraction of 0.0003
and gas abundances of 0.28 ppm N20 and 1.6 ppm CH4 wer e used.

For the P1(9) line the current measurements indicate significant
errors exist in the AFCRL parameters. Differences which cause a
substantial change in the total molecular line absorption have been
approximately included. Those differences which, under all the con-
ditions considered here, cause less than a 20% change in the total
molecular line absorption have not been incorporated. The original

sea level contributions of various molecules to the line absorption of

Pl(g)were given in our earlier report [1]. These are compared with the

revised values in Table 1.




o b e s il i B e el

O

Table 1.
P1(9) Absorption Coefficients (10 © km )

-3 -1

Frequency HZO HDO N20 CH HZO N Total

1 i 2
__t'cm_ ) cont. cont.
2691, 41 6.13 11.52 « - 0.30 22.32 0 40. 27 Original
2691.61 40.97 12.23 - - 8.51 22,34 0 84. 05 Revised

To illustrate the source of the values better and the effect of the
changes in the absorption coefficients, detailed plots of significant
contributing line absorption, continuum absorption, and total absorp-
tion coefficients are shown in Figure 1 for the AFCRL parameters.
The absorption lines in that plot are designated as follows:

H HZO line
D HDO line
M CH 4 line
1,2,3... Ist, 2nd, 3rd... contributing line in order of ascending

frequency.

The primary cause of the differences between the "original"
and "'revised' absorption coefficients is the use of Rao and Heath's
[3] preliminary DF laser frequencies. This leads to a 7 fold increase
in the predicted H20 absorption. Also, the use of modified CH4 line
strengths which are consistent with the measurements reported in
Section 4.4, along with the new frequencies, leads to an increase
in the CH4 absorption. The data in Figure 37 show a factor of 2.62
increase in the peak absorpticn for the unresolved doublet which is
the principle source of CH4 absorption. This, coupled with the

near coincidence of the CH 4 line center with the revised laser

frequency, results in a factor of 30 increase in the methane absorp-

tion coefficient. The net result is an increase of more than a factor

1 e TN L
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P (9)
10'1 : :
Revised
Original
Line Total and SN
Continuum
Line Total

1072,

,.4/\
L}
= M1
=

Absorption Coefficient

H1 M2 ~-
D4 o
1073.L
D7
D3
V
2
10-4 1 } L L | | | i L i i
] L 1 ] ] T L] 1 1 ] ] ] ]
2691. 0 2691. 5 2692. 0

Frequency (cm—l)

Figure 1. Contributors to the Molecular Absorption of the P1(9)
4 DF Line (Midlatitude Summer, Sea Level) [1]
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of two in the midlatitude summer total absorption, and an increase

ot .ie CH, contribution to 0.01 km'l.

In the scaling calculations for P1(9), the AFCRL values for
CH4 line widths and frequencies were used unchanged while the
strength values were increased by a factor of 2.62. The AFCRL
values were also used for the H20 and HDO parameters. Some of
these values undoubtedly need to be revised also. However, the
measurements reported in Section 4.6 indicated that while changes
in the HDO parameters are required, they will not lead to a large
change in the total calculated absorption for this laser line. HZO
line parameters have not been measured. If the HZO absorption is
much less than predicted, then the changes in the HDO parameters

could be important. The preliminary P1(9) laser frequency value of
2691.6075+ 0,0050 cm™ " was used [3],

2.3 Altitude Scaling of Molecular Line Absorption--P3(8) and P_(9)

Figure 2 shows the altitude scaling from 0 to 10 km for the
molecular line absorption of the P3(8) DF laser line when the mid-
latitude summer atmospheric model [ 9] is assumed. Also shown
on the figure are hypothetical curves that would be valid if the iaser
line were exactly at the N20 line center, or if the laser line were
located in the line wing where the line profile is proportional to the
square of tte pressure. These have been normalized to give the
correct absorption at sea level. The circle in the figure gives the
fixed frequency measurement by Mills and Long [5,10]. This value
is the sum of their measurements of HDO and NZO' It lies below the
calculated absorption by an amount which corresponds to the CH 4
absorption which has not been reported by Mills and Long for this

line. Note that while the fixed frequency measurement confirms the

10
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Figure 2. Altitude Dependence of tne P3(8) DF Laser Molecular Line

Absorption Coefficient for Various Line Positions.
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sea level calculation, line parameter information (strengths, widths,

and frequencies) is required to perform altitude scaling.

The line absorption for each individual constituent is scaled
from 0 to 10 km in Figure 3. Again the measurements by Mills and
Long [5,10] are given by circles. The validity of the current modeling
approach is confirmed by the excellent agreement with measurements
when accurate parameters are available for the calculations. This

1

is the case for N,O where the absorption coefficient of .0214 km~

agrees very wellzwith the calculated value of .02169 km™ L. The need
for accurate paramelers is demonstrated in Figure 3 for the case of
HDO. It can be seen that there is a factor of two difference between
the absorption measured by Mills and Long, and the HDO calculations
based on AFCRL parameters which are now known to be in error (see

Se ction 4.5).

While P3(8) is an example of a line where essentially a single
function determines the altitude dependence, P1(9) is an example of
a line whose altitude dependence is determined by the sum of dramati-
cally different altitude functions which were only shown hypothetically
for P3(8). The P1(9) altitude scaling for the midlatitude summer model
is shown in Figure 4. All molecular line absorption contributions
are included. In this case the P1(9) laser line lies near the center
of a CH4 line. Thus the CH4 absorption persists as the altitude is
increased, while the HDO and HZO absorption {alls off very quickly

with increasing altitude.

The striking new importance of CH4 is illustrated in Figure 5
where the midlatitude winter [ 9] propagation of P, (9) is plotted. In
this case the sea level absorption by CH4 is about the same as that of
water vapor, while propagation at higher altitudes is dominated by

CH4 and remains nearly the same as for the summer model.

12
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Figure 3. Altitude Dependence of the Molecular Line Absorption
Coefficient for the P3(8) DF Line Showing the Major
Contributors (Midlatitude Summer)
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2.4 Temperature Scaling of Molecular Line Absorption--P3(8) and P1(9)

While both temperature and pressure changes are included in the
altitude scaling, the temperature can also change significantly at « parti-
cular altitude. Thus temperature scaling is important independent

of altitude scaling.

The conditions and parameters used for these calculations were
the same as discussed in Section 2.3. The water concentration assumed
was 14 gm/m3. Figure 6 shows the temperature dependence of
molecular line absorption of the P3(8) and P1(9) DF laser lines, over
a normal range of temperatures at sea level. The contrast is striking.
Since the HZO absorption line originates from a "hot" band, its ini-

: tial energy level has a high value, and it is thus very temperature

] sensitive. The initial energy levels of NZO and CH4 are much lower,
9 and they therefore are not so temperature sensitive. Note, however,
' that each of these molecule's absorption still has a different quanti-

‘. tative scaling law.

A constant concentration has been used for all the constituents
in Figure 6. Thus the water concentrations used at lower tempera-

tures are not attainable due to condensation. This would lead to an even
sharper drop in the absorption under actual atmospheric conditions

due to changes in the water concentration.

2.5 General Considerations

HZO lines, as well as HDO line and HZO continuum, play a signif-
icant part in our understanding of DF laser propagation. HZO lines

absorb trace amounts at almost all DF frequencies, and are a com-

ki S A sia

peting or majority line contributor for a half-dozen or so DF lines

according to the current AFCRL tabulation. It is important to note

16
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that the distinction between H20 lines, HDO lines, and HZO continuum

has great physical significance, and the need to distinguis

more than for mere bookkeeping. As shown above, H

h them is much

20 lines in this
region tend to scale in a much different way than do HDO lines or the
H20 continuum.

The distinction between HzO line absorption, and H20 continuum
and HDO absorption is also important for the interpretation of experi-
niental data. H20 line absorption is naturally weak on a per molecule
basis, as contrasted to HDO which is weak in the atmosphere by virtue of
small natural abundance. For this reason, H20 cannot be enriched in
the laboratory for easy observation, as can HDO, Indeed, H20 lines in
this region, like H20 continuum, can be observed in the laboratory only
with instrumentation capable of measuring absorption coefficients of order
0.01 km-l. This fact also has considerable impact on attempts to measure
the HZO continuum. If one uses water with a "'normal" amount of deuter-
ation, the HDO contribution can be subtracted out if HDO absorption is
separately known. However, H20 lines and HZO continuum are indistin-

guishable by fixed frequency, constant temperature measurements,

In conclusion, the separate consideration of absorption contributors
is important for scaling and measurements interpretation. This can be
done only by carefully separating the absorption of the several background
contributors: HDO lines, HZO lines, H20 continuum and the DZO lines
which necessarily occur in enriched HDO samples.

18




3. INSTRUMENTATION

3.1 Spectrometer Description

The data were obtained with a 3 meter focal length, double passed,
Ebert spectrometer at the University of Michigan Physics Department.
A diagram of the spectrometer optics is given in Figures 7 and 8. The
grating used had 300 grooves per millimeter and was blazed at 3.0
micrometers. An InSb detector was used with an internal cold filter.

The source was a Nernst glower.

3.2 Data Acquisition System

A block diagram of the data acquisition system is given in Figure 9.
The analog signal was recorded on a strip chart recorder and also
digitized by a 4-1/2 digit, digital pan-l meter. The digital signal was
transmitted to a data terminal using a Nation Vvide Electronics Data
Logger. The data terminal was a Texas Instruments 733 ASR with a
digital cassette tape recorder. The digital signal was recorded on the
cassette tapes and could subsequently be retransmitted to any computer
available over the telephone lines. In this study the University of
Michigan's IBM 370/168 computer system was used. A FORTRAN
computer program was used to normalize and scale the spectra,

subtract off the zero offset and produce a calibrated plot.

3.3 Performance

A resolution of 0. 043 cm™ ' was obtained with a rms signal<to-
noise ratio of 366 and a time constant of 1.3 seconds. The stray and
scattered radiation was determined to be less than 2% by observing

100% absorbing methane lines.
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3.4 White Cell

A 4,988 = , 002 meter White cell (see Figure 7) was used to obtain
gas sample path lengths of 20 to 100 meters. The actual path used

depended on the particular measurement being made. The amount of gas

sample admitted to the White cell was measured with a capacitance
manometer with an accuracy better than 1%. A Wallace & Tiernan
absolute pressure gauge was used to measure the total pressure of air
and gas sample with an accuracy better than 2%. In the case of the HDO
measurement, the total amount of water in the cell was also monitored
with a dew point hygrometer and found to be consistent with the initial

fill pressure admitted to the cell.

3.5 Gas Samples

The methane was obtained from Air Products and Chemicals Inc. and
had a purity of 99%. The N20 was purchased from Matheson. It was
premixed with nitrogen and had a concentration of 2. 06 = .04%. The
D20 was manufactured by Merck Sharp and Dohme Canada Limited. It
had an atomic purity of 99. 7% deuterium. The normal water was
obtained from the University of Michigan Chemical Stores distilled water
supply. It was assumed that the 'HZO' contained the normal isotopic
abundance of deuterium. While this assumption may be in error by 10%
[11]the resulting error in the HDO concentration used is negligible. The
HDO sample was obtained by mixing liquid D20 and H20. The cell was
filled by putting the proper amount of this liquid into a glass boiler and
boiling its entire contents into the White cell. The concentration of HDO
in the cell was calculated using the gas equilibrium constant of 3. 506
derived by Spencer, Denault, and Takimoto [4].

2
H,0 ND20 =N'upo

3.506 N
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For the measurements made with a HDO pressure of 0.2002 torr and
0.0295 torr the total water pressure was 9.39 torr and 8.78 torr re-

spectively.
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4. MEASURED AND SYNTHETIC SPECTRA

4.1 Measured Spectra

The molecular absorption spectra have been measured for NZO’

and HDO in the region between 2545 cm_1 and 2745 cm-l. The

CH
figéres containing the spectra are located at the end of this report.
The measurements were made at temperatures between 298°K and
BOOOK, and at a total pressure of one atmosphere. The measured
spectra have heen normalized and plotted on the same scale as the
synthetic spectra which are discussed in Section 4.2. The frequency
scale on the measured spectra was determined from a least-squares
fit of the grating equation using the frequencies given [7] for each
species measured. The measurement of the relative frequencies of
adjacent lines is accurate to better than 0.01 em™ L. However the
absolute frequencies of the lines have not been measured. The
frequency scale on the spectra displayed in Figures 13 through 63
should only be used to determine approximate positions of lines and

to measure the relative frequencies of adjacent lines.

The 100% transmission points were determined from the troughs
between the measured absorption lines. Where the synthetic spectra
showed that the troughs corresponded to a few percent less than 100%
transmission, a correction was made using the trough transmission
of the synthetic spectra. Thus the trough transmission has not been
independently measured. The zero transmission point was determined
by placing a flag in the beam. This signal level was then corrected
for 2% scattered and impure radiation. The accuracy of the measured
absorption relative to the absorption at another point on the same

figure and within 2 cm™! is better than 2% of full scale. The absolute
accuracy of the absorption including errors in the 100% transmission

point is better than 5%, and in most cases, better than 2% of full scale
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4.2 Synthetic Spectra

Synthetic spectra have been generated in the region between 2545
cm-1 and 2745 cm-1 for N,O, CH, and HDO. The parameters from the

AFCRL Atmospheric Absorption Linc Parameters Compilation [7] were

used to generate the monochromatic transmission spectra for a temp-
erature of 300°K). These spectra were then convolved with the spectro-
meter slit function to generate spectra with the exact appearance of
spectra observed with the spectrometer. The spectrometer slit function

(i. e., spectral bandpass profile) was approximated by a trapezoid as shown
in Figure 10. The width of the approximate slit function was set equal

to the width of the actual spectrometer slit function. The particular

widths used at different frequencies are given in Table 2.

The distortion of the real absorption spectra by the spectrometer
slit function is very small for the resolution used in this study. This
can be seen in Figures 11 and 12 by comparing the transmission
spectra as it appears before and after it is convolved with the ap-
proximated spectrometer slit function. The first figure is for a relatively

narrow absorption line and the second figure is for a wide line.

The positions of the major DF laser lines are also plotted on the
synthetic spectra. These frequencies are based on preliminary
results from measurements being made by Rao and Heath [3]. They

are believed to be accurate to .005 cm .

4.3 NZO Spectra

The measured NZO spectrum is compared with the calculated syn-
thetic spectrum in Figures 13 through 19 located at the end of this re-

port. The agreement appears perfect. Since the agreement is so close,
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Physical Slit Width

Figure 10. Slit Function
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Table 2.
Stit Widths

U(cm'l) 2a(cm'1)

2450 . 0390
2460 . 0394
2470 . 0398
2480 . 0403
2490 . 0407

2500 . 0411
2510 . 0415
2520 . 0419
2530 . 0424
2540 . 0428

2550 . 0432
2560 . 0437
2570 . 0441
2580 . 0445
2590 . 0449

2600 . 0454
2610 . 0458
2620 . 0462
2630 . 0467
2640 . 0471

2650 . 0476
2660 . 0480
2670 . 0485
2680 . 0489
2690 . 0494

2700 . 0498
2710 . 0503
2720 . 0507
2730 . 0512
2740 . 0516

2750 . 0521
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Figure 11. Comparison of Narrow Absorption Lines (0.044 cm_1 half width)
Calculated Using Infinite Resolution with Those Calculated

Using the Actual Spectrometer Resolution.
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three expanded scale plots are given for the principal absorption lines
influencing the P2(10), P3(7), and P3(8) DF laser lines. These are
shown in Figures 20, 21, and 22. From these it can clearly be seen

that the calculated absorption is within a few percent of actual absorption.
Thus the current values for the widihs and strengths of these lines must
be correct. However, because the frequency calibration for the measure-
ments was taken from the positions of the NZO lines themselves, the
agreement of these spectra confirms the relative positions of adjacent
lines but not the absolute positions. Thus any differences observed
between the calculated absorption and monochromatic DF laser measure-
ments are most likely due to errors in the relative frequencies of the

laser and the absorption lines.

For the determination of DF laser absorption by NZO’ the most
important remaining measurement is the evaluation of the relative
spacings between the DF and NZO lines. Two less important effects also
need to be checked. First, the trough absorption between N20 lines
should be spot checked. Errors found here would have their largest
effects on P,(6), but might also lead to 10% corrections to the N,O
absorption coefficients at other important DF laser lines. Secondly, the
2V1 + 2v2 - 2“2 NZO band is significant for P3(6). For this laser line
the N20 absorption coefficient is less than 3% of the total at midlatitude
summer, sea level conditions, but under dry conditions NZO absorption
is important. At frequencies below 2575 cm_1 other N20 bands are
important for atmospheric absorption, but most currently important DF
laser lines lie above this frequency.

4.4 CH4 Spectra

The measured CH4 spectrum is compared with the calculated

synthetic spectrum in Figures 23 through 42. There is little agreement

between these spectra. The measured spectrum varies from typically
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two times stronger than the calculated spectrum for the low frequency
end of the region to ten times stronger for the high frequency end. How-
ever, the difference in the strengths is not a simple function of frequency.
Quite the contrary, the factors of two to ten times are only rough averages
and do not apply to individual lines. There are also numerous cases
where the measured spectra show lines which are not included in the
calculated spectra such as at 2647 cm-1 in Figure 33, and in Figure 40.
There are no CH4 lines in the AFCRL compilation for the region covered
in Figure 40 although we observe lines in that region. There are also
cases where the predicted lines are not observed in the measured
spectrum such as at 2648. 6 cm"1 in Figure 33. In some of the spectra
such as Figure 32, it is difficult to see any similarity between the

measurements and calculations.

:*:_ Of particular interest is the absorption of the P1(9) laser line shown
in Figure 27. The latest value [3] for the P1(9) DF laser {requency

4 doublet at

2691.61 cm-l. But the peak height of the observed CH4 lines is 2.62

places it exactly on the center of the unresolved CH

times stronger than predicted. This factor of 2.6, coupled with the

new laser line position leads to an increase in the expected methane
absorption by a factor of 30 over the value predicted using the AFCRL
parameters. This higher methane absorption (. 00851 km'l) agrees well
with the measurements of Spencer [4] (. 00752 km-l). Spencer's

slightly smaller observed value is expected since his measureinents were
made on self-broadened CH4. Because the self-broadened width of CH4 is
greater than the air broadened width, the lines are wider under Spencer's
measurement conditicns and thus, the peak absorption is less. The
generally good agreement with Spencer's absorption measurement tends
to confirm the creditability of the current measurements, the Rao and

Heath frequencies, and the modeling procedures.




-1
Another line of some interest is the P3(8) line at 2546.4 cm ~. The

line primarily responsible for methane absorption at this frequency is

2. 85 times stronger at the peak than given by AFCRL. While CH4 still
remains a minor contributor to molecular absorption of the P3(8) laser
line, this increase brings its contribution to about 10% of the sea level

absorption coefficient.

4.5 HDO Spectra

The measured HDO spectrum is compared with the synthetic spectrum
in Figures 43 through 53. These spectra were obtained with an enhanced
abundance of HDO. hence DZO was also present (see Section 3.5). The
possible presence of DZO absorption lines was investigated by comparing
transparent regions of the HDO spectrum with the spectrum of pure

DZO' It was found that the only significant DZO lines were in the region

between 2725 cm'1 and 2745 cm'l. Where the DZO lines have not been

completely obscured they have been identified in the figures. The HDO
line at 2728 cm™ ! appears similar to the identified D,O lines, however

it has been checked carefully and is not DZO'

On first inspection, the HDO measurements seem to confirm the
synthetic spectra. However a closer examination reveals differences
which lead to roughly a factor of two change in the absorption of most
DF laser lines. The measured absorption peaks and line widths gen-
erally appear to be stronger and wider by about 25%. This difference
tends to be greatest for the lower frequencies and becomes substantially
less beyond 2700 cm-l. How these relatively small changes in the
AFCRL parameters, lead to a 100% increase in laser absorption co-
efficient becomes readily apparent from considerations of the Lorentz

absorption line exprescion.
k=2
Meve) + 7]




where: k = absorption coefficient
S = absorption line strength
v = absorption line width
vy = absorption line frequency
v - observation frequency
At the line peak

k=—7?'y—

or S=k
p"”

Thus if the peak absorption coefficient is larger by a factor of

1.25, and the line width (y) is larger by a factor of 1.25 the line strength
(S) is larger by a factor of 1.56.

However most of the laser lines lie well out in the wings of HDO
tines. That is, the difference between the laser and absorption line

frequencies is much greater than the absorption line half width, For

this case:
1

2
(v -uo)

wing
Because the values of S and ¥ are larger by factors of 1.56 and 1.25
respectively, kwing is larger by a factor of 1.95. Of course the exact
increase for a particular line will depend on the change in the specific
parameters than influence that line. However, the above considerations :
do explain some of the measurements reported by Mills and Long [10]. %:
They reported measured HDO absorption coefficients for the P3(6),

P3(7) and P3(8) DF laser lines which were a factor of two larger than
previously predicted.

While this effect should be important for a majority of the DF laser

lines, it does not dominate all of them. A number of DF laser lines lie '



close enough to HDO absorption lines that they are sensitive to the
relative frequencies of the laser and absorption lines. Also DF laser
lines lie at higher frequencies where the AFCRL parameter are more
accurate. Thus, analysis of the exact effect of HDO on DF laser trans-

mission will require a detailed study.

Not all of the measured absorption lines are stronger than the
values given by AFCRL [7]. Some are dramatically weaker. This
can be seen in Figure 62 at 2727.5 em™! and at 2729 em™!. Other
examples are seen in Figure 63 at 2735.6 cm-l, 2740.4 cm™! and
9742.9 cm™!. The case at 2742.9 oy s of particular interest since
this line had been expected to dominate the absorption of the P1(7)

DF laser line. However, this absorption line is so weak that it appears
to be missing. Thus the absorption of the P1(7) line will be much less
than previously predicted. The exact HDO absorption for P1(7) is
obscured by the adjacent D20 absorption line, and will require more
detailed measurements. However, the absorption for this laser line

is at least a factor of two less than previously predicted.
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5. CONCLUSIONS

5.1 Scaling

Changes in altitude and temperature can each individually cause
large changes in the molecular line absorption of laser radiation.
These variations can be accurately calculated when the absorption
line parameters are accurately known. However, it is important
to know the precise source of the absorption because different sources,
scale differently. The three sources of water absorption, HZO con-
tinuum, HZO lines and HDO lines each scale differently. The temper-
ature dependence of absorption lines with high ground statc energies
(hot bands) scale dramatically differently than lines with low ground
state energies.

32 N2O

The current values of the NZO absorption line strengths and widths
are accurate for the principle lines of the 2u1 band at 3.90 micrometers
(2563.5 cm™Y). This is the primary N,O band responsible for the
absorption of DF laser radiation in the atmosphere. Confirmation of
the relative frequencies of the DF laser lines and the NZO absorption
lines is the most important remaining measurement required for NZO'
5.3 CH 4

The current line parameter values given by the AFCRL data tape
[7] for CH,

most erroneous of any of the species in this region. The strengths of

in the region between 2545 em™! and 2745 em™! are the

the lines are typically 5 times as strong as the values on the data tape.
The relative intensities are also different, and numerous lines are not
included on the data tape. In some regions even the qualitative appear-

ances of the measured and calculated spectra are completely different.
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Clearly methane will require a substantial amount of investigation to

eliminate these discrepancies.

5.4 HDO

In the region between 2545 cm-1 and 2745 cm—l the HDO line
strengths and widths tend to be larger than predicted by factors of
1.56 and 1.25 respectively. This leads to typical increases of the
calculated absorption coefficient by a factor of two for many of the
DF laser lines. However some of the HDO absorption lines are much
weaker than predicted. In the case of the P1(7) DF laser line this
leads to dramatically less absorption than previously predicted. Thus
new line widths and strengths need to be compiled for the HDO lines
in the DF laser region. The relative differences in frequency between

the DF laser lines and HDO lines are also needed.
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Measured and Calculated

N20 Spectra

Figures 13 - 22
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Measured and Calculated

CH4 Spectra

Figures 23 - 42
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planning and executing the USAF exploratory and advanced

gence, command, control and communications technology,

% development programs for information sciences, intelli-

products and services oriented to the needs of the USAF.

magnetic guidance and control, surveillance of ground
and aerospace objects, intelligence data collection and
handling, information system technology, and electronic
reliability, maintainability and compatibility. RADC
has mission responsibility as assigned by AFSC for de-
monstration and acquisition of selected subsystems and
systems in the intelligence, mapping, charting, command,
control and communications areas.
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